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ABSTRACT
We are investigating the formation of a tissue capsule around a foreign body. This tissue capsule can be used
as an autologous graft for the replacement of diseased blood vessels or for bypass surgery. The graft is grown
in the peritoneal cavity of the recipient and the formation starts with the adhesion of cells to the foreign body.
We identify the cell type and measure the adhesion of these cells to foreign materials using optical tweezers.
Cell adhesion to macroscopic samples and microspheres is investigated. No difference in the adhesion force
was measurable for polyethylene, silicon and Tygon on a scale accessible to optical tweezers. The density of
adherent cells was found to vary strongly, being highest on polyethylene. The mean rupture forces for cell-
microsphere adhesion ranged from 24 to 39 pN and changed upon preadsorption of bovine serum albumin. For
plain microspheres, the highest mean rupture force was found for PMMA, which also showed the highest adhesion
probability for the cell-microsphere interaction.
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1. INTRODUCTION
Vascular disease, comprising coronary occlusion, stroke and peripheral vascular disease, is responsible for more
than 40% of all deaths in Western Society today. All these vascular diseases have one underlying pathology
- atherosclerosis, which is often caused by high cholesterol diet in combination with smoking (produces free
radicals) and lack of exercise. Free radicals, elevated levels of low density lipoprotein (LDL) or chronic viral
infection leads to the inflammation of the endothelial cell layer lining the blood vessels which in turn leads to
the adhesion of monocytes (white blood cells) to the inflamed site.1 The monocytes transmigrate through the
endothelium, differentiate into macrophages, and start to accumulate cholesterol.2 The consequence is the build
up of fatty plaques with a central necrotic core and a fibrous cap which can rupture and cause a blood clot to
form.
A therapeutic measure is to replace or bypass the diseased blood vessel with an autologous or synthetic graft.
Today, we use the mammary artery or saphenous vein as replacements, but they are often not available and may
themselves suffer from degradation or disease, whereas synthetic grafts are prone to rejection as well as thrombus
formation. There is thus the need to develop a readily available autologous graft for bypass surgery.
The development of a new vascular graft at the Centre for Research in Vascular Biology is yielding promising
results.3 The graft is grown in the recipients body and is therefore autologous and its size can be chosen. It
remains patent for at least 16 months (longest time studied) when implanted as a vascular graft and it adapts
its structure to become artery-like, e.g. by formation of endothelium and elastic lamellae. The formation of the
graft is achieved by inserting a length of polymer tubing into the abdominal cavity. The inflammatory response
of the body leads to an increase in bone marrow derived cells in the cavity and to the adhesion of these cells to
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the tubing. Further cell adhesion, proliferation and transdifferentiation result in the growth of a tissue capsule
around the tubing. The first process in this sequence of cellular events is adhesion of a cell to the substrate.
Clearly, an effective initial adhesion is determined by the properties of the substrate and is necessary for the
successful growth of a graft. In order to optimize the growth, we must understand the formation process of the
first cell layer. In this paper, we therefore investigate the type of cell that first adheres to the tubing. We then
perform adhesion experiments on this type of cell by means of optical tweezers with the aim to quantify the
influence of different materials and to identify adhesion processes.
Although the adhesion of monocytes/macrophages to vascular endothelium has been widely researched, un-
derstanding of cell adhesion to artificial substrates is quite limited. The studies are mainly focussed on preventing
the adhesion of macrophages during the inflammatory response to implanted biomaterials4, 5 and show how im-
portant factors like substrate material, surface structure/patterning and surface modification with proteins,
peptides or lipids are for macrophage adhesion.6 It becomes clear that the the right choice of substrate and
surface modification enabling effective cell adhesion will be crucial for the further development of artificially
grown tissue, whether in vivo or in vitro.
Detailed studies of the mechanism of cell adhesion to substrates are largely focused on fibroblasts with respect
to tissue engineering. Various substrates and modifications have been tested for cell viability and proliferation.
Studies are therefore conducted over a time scale of a few hours to days.7 The mechanism of cell adhesion
involves the secretion of extracellular matrix (ECM) molecules, which are adsorbed onto the substrate on a time
scale of 1-2 minutes8 and to which cell-surface receptors in the plasma membrane of the cell bind. The ECM
is largely composed of fibronectin, vitronectin, lamellin and collagen9 and the transmembrane cellular adhesion
molecules (CAM) are members of the integrin family. Aggregates of these CAM’s are called focal adhesions. They
are connected to the actin cytoskeleton and form within one hour after cell substrate contact.10 Around 4µm2
in size, they adhere with forces of 10 to 30 nN.11 They also function as sensors for the cell by communicating
information about the local environment, thereby influencing the basic cell functions like migration, proliferation
and cell death. Focal adhesions have also been observed on macrophages.
All these findings underline the importance of using the right substrate for the growth of the artificial artery.
We investigate whether differences in material and adsorbed protein are influencing cellular adhesion already on
first contact. We use optical tweezers to investigate macrophage adhesive behavior by both direct macrophage
trapping experiments and adhesion force measurements between macrophages and microspheres of different
materials and protein modifications. Our aim is to identify certain adhesion patterns on different substrates
and to relate that to the in vivo tissue formation. We further perform bond breaking force measurements to
obtain a deeper insight into the underlying adhesion processes. The paper will start with a detailed description
of the formation of the artificial artery with the most recent findings regarding the origin and cell type, followed
by a brief description of the experimental methods, a section on the optical tweezers apparatus used for these
measurements and its calibration and results of cell detachment and cell sphere adhesion experiments.
2. ARTIFICIAL ARTERY FORMATION
The artificial artery is formed by using the peritoneal (abdominal) cavity of the recipient as a bioreactor.
Polyethylene tubing with the desired dimensions (e.g. rat: length 10mm, diameter 3mm) is used as a mold
and inserted into the cavity by a small incision. This triggers an inflammatory response due to the presence of
a foreign body and results in a large increase in cell numbers in the cavity. In the first three days, the free-
floating foreign body is covered with round cells of haemopoietic (bone marrow) origin13 and therefore likely to
be macrophages. After 7 days, several layers of spindle-shaped cells and the formation of a tissue capsule are
observed. The thickness of the capsule has increased after 14 days showing a great number of spindle-shaped
cells which stain for α-smooth muscle actin and which have produced large amounts of extracellular matrix
(Fig. 1 a-c). The tissue capsule is lined with mesothelial cells on the surface, which were identified by electron
microscopy.
The graft is harvested after two weeks, removed from its molding and everted, so that the lining of mesothelial
cells faces inwards (Fig. 1d). Its structure now resembles that of an artery, with an inner nonthrombotic layer of
mesothelial cells (intima), a layer of smooth muscle-like myofibroblasts (media) and a layer of connective tissue
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Figure 1. Micrographs of a tissue capsule formed in the abdominal cavity of a rat. Boiled blood clot was used as a
mold. (a) Two days after implantation: Round macrophages have adhered to the mold. (b) 4 days: Spindle shaped
cells, most likely transdifferentiated macrophages, form a thin tissue capsule, with adhered macrophages on top. (c) 14
days: A thick capsule encapsulates the foreign body, mainly consisting of spindle-shaped cells that have laid down large
amounts of extracellular matrix. (d) Tube harvested three weeks after implantation into the peritoneal cavity of a dog.12
A thick layer of capsule tissue has formed around the tubing (outer diameter 4.5mm). The outermost cell layer consists
of mesothelial cells and has similar nonthrombotic properties as the endothelium in blood vessels. (e) Fluorescence
microscopy image of a graft section two days after implantation. A layer of EGFP-expressing macrophages can be clearly
observed (bright spots) indicating that this cell type initiates the formation of the tissue capsule. (f) Fourteen days after
implantation, individual cells stain for both smooth muscle (α-actin) and macrophage (EGFP) markers. This suggests
that myofibroblasts originate from macrophages that have transdifferentiated.
with a high concentration of collagen (adventitia). Harvested grafts were implanted in rats (abdominal aorta),
rabbits (carotid aorta) and dogs (femoral artery),12 and there stayed patent over 5-16 months. Analysis of the
graft revealed that it had adapted by producing elastin in its wall (and thus compliance), and was vasoactive
and with an endothelial-like cell layer.
In order to elucidate the graft formation process, the cell type that adheres first to the tubing had to be
identified. Our most recent experiments show clearly that these cells are macrophages. The experiments were
carried out in c-fms EGFP transgenic mice in which the CSF-1 receptor (specific for monocytes/macrophages)
drives the expression of enhanced green fluorescent protein (EGFP). Two days after implantation, fluorescence
microscopy images of the cell layer on the substrate show a large fraction (>80%) of EGFP-expressing cells
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which can therefore be identified as macrophages (Fig. 1 e-f). This fraction declines with further development
of the tissue capsule. After fourteen days, the now spindle shaped cells in the capsule wall stain for α-smooth
muscle actin, and are thus myofibroblasts, but many also express EGFP indicating their macrophage origin,
although this needs to be confirmed.
Different materials have been used as molds, but their suitability has yet to be quantified. Up to now, the
most successful materials in promoting the growth of a thick tissue capsule are polyethylene and boiled blood
clot. We want to take a first step towards the quantification of material suitability by measuring macrophage
adhesion to these materials with optical tweezers.
3. MATERIALS AND EXPERIMENTAL PROCEDURES
3.1. Optical Tweezers for Adhesion Force Measurements
Experimental Setup
The optical tweezers are based on a diode pumped Nd:YAG laser (DPY501 II, Adlas, Germany) with a wavelength
of 1064 nm. The output is fiber coupled for mode cleaning and pointing stability purposes. The 4-fold expanded
beam is fed into the objective (Olympus, 100x, NA=1.3) of a modified upright microscope. The lower microscope
body was completely removed and substituted by a piezo controlled micrometer stage (Thorlabs, MA). A gimbal
mounted mirror with piezo actuators and the appropriate imaging optics allow the position in the x-y, i.e.
specimen plane to be computer controlled. For position detection of a trapped particle relative to its equilibrium
position, we use a HeNe laser (633 nm, 1mW) which is coupled into the system by a dichroic mirror. A set of
lenses with micrometer position adjustment steers the focal spot of the detection beam in three dimensions. The
forward scattered light is collected by the condenser and the 633 nm beam is coupled out by a dichroic mirror.
Figure 2. Experimental setup for adhesion force measurements. The beam of a fiber coupled Nd:YAG laser (1.2W power
after the fiber) is expanded and reflected into a high numerical aperture objective. Imaging optics allow a precise position
control of the trap in the specimen plane by a piezo actuated mirror without changing the overfilling of the objective back
aperture. The position of a particle in the trap is monitored by a separate HeNe detection laser and a quadrant photo
detector (QPD).
Proc. of SPIE Vol. 5514     237
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/18/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
01
2
0
0.5
1
1.5
2
−1
−0.5
0
0.5
1
position X [µm]position Y [µm]
n
o
rm
a
liz
ed
 s
ig
na
l in
 x
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
101 102 103 104
10−11
10−10
10−9
10−8
10−7
10−6
10−5
frequency [Hz]
po
we
r s
pe
ct
ra
l d
en
sit
y 
[V2
/H
z]
silica sphere, 2.32 µm diameter
fit Lorentz function
(a) (b)
Figure 3. (a) Normalized difference signal from two semicircles of the quadrant photo detector (QPD) for different
positions of a trapped 2µm polystyrene sphere. The trap with the sphere was scanned over a 2x2µm2 area in 0.02µm
steps using a piezo controlled mirror. (b) Power spectral density of the thermal position fluctuations of a 2.32µm silica
sphere in the laser trap. The fit of a Lorentz function to determine the roll-off frequency yields a trap stiffness of
k=0.246 pN/nm.
A lens is used to image the back focal plane of the condenser onto a quadrant photo detector (QPD), which is
mounted on a xyz micrometer stage for precise positioning. Samples are usually imaged by brightfield microscopy
with a CCD camera, but phase contrast mode is available for observation of poor contrast structures.
Force Measurements
Optical trapping relies on the principle of momentum transfer from photons to a refracting transparent particle.
The trapping potential at small displacements from the equilibrium position is to first approximation harmonic.
A particle position measurement relative to the equilibrium position is therefore a measure of an applied force if
the force constant or stiffness of the trap is known.
The position is detected by the well known scheme of back focal plane interferometry.14, 15 The beam waist
of the HeNe detection laser is placed at the center of a trapped particle. Horizontal displacement of the particle
causes a deflection of the detection beam which is registered at the quadrant photodetector. A position sensitive
signal is obtained by subtracting signals from two semicircles and subsequent normalization. To convert the signal
to a relative position, it is calibrated by making use of the piezo steered mirror. First, the trap displacement with
applied voltage is calibrated on the video screen. A trapped particle is then scanned over a position pattern and
the displacement signal recorded (Fig. 3). The two resulting matrices are fitted with high order two dimensional
polynomial functions and the resulting parameter set is used to convert the QPD signal to position.
The trap stiffness is determined by monitoring the thermal position fluctuations of the particle in the trap.
The power density of a microscopic particle in a harmonic potential has Lorentzian shape with a typical roll off
frequency fr = k/2πβ. Knowledge of the drag coefficient β of the particle and measurement of fr yields the trap
stiffness k. We measure fr by fitting a Lorentz function to the power spectral density (Fig. 3).
To check the validity of our system calibration, we apply a known drag force to the particle and compare that
with our force measurement. Viscous drag is created by moving the piezo controlled stage at known velocities.
Sinusoidal and triangular hysteresis corrected voltage curves are synthesized with a digital to analogue converter
card, filtered, and used to drive the piezo elements. The resulting cosine shaped stage velocity profile worked
especially well with strong traps whereas the resulting square velocity profile could be used to calibrate even the
weakest traps (Fig. 4). Very good agreement is found between measured and applied force (Fig. 4). The position
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Figure 4. (a) QPD response to applied drag forces of 2.7 (top) and 18.4 pN (bottom) using a hysteresis corrected
triangular and sinusoidal waveform, respectively. The waveforms were synthesized with a 300 kHz AD card and filtered.
(b) Comparison between the applied drag force using the sinusoidal wave from (a) with the force calculated from a
measurement of the relative particle position in the trap and the trap stiffness (power spectrum method). Very good
agreement is achieved.
detection range and sensitivity can be tuned by changing the detection beam expansion. Here, the diameter of
the detection range is approximately 500 nm, resulting in precise force measurements up to 60 pN for the given
trap stiffness of 0.246 pN/nm (2.32µm silica sphere, Fig. 3). Using different particles (e.g. polystyrene) and
higher power, a trap stiffness above 0.5 pN/nm and force measurements in excess of 100 pN are achieved.
3.2. Preparation of Cells
In section 2, we showed that macrophages are the cells first adhering to the foreign body mold and are predom-
inantly responsible for the tissue capsule formation. We therefore used the macrophage cell line J774 for the
adhesion experiments. The cells were cultured in RPMI medium plus 10% foetal calf serum at 37◦ C in 5%
CO2 humidified incubators. Prior to experiments, the cells were washed off the culture dish with Dulbecco’s
phosphate buffered saline (DPBS), centrifuged and resuspended in medium.
3.3. Cell Detachment from Substrate
In the first set of experiments, we wanted to obtain information on how different substrates influence the initial
adhesion of macrophages. Therefore, macrophages were perfused over thin slices of different kinds of tubing of
the sort that were previously used for implantation. Directly after perfusion, laser tweezers were used to try to
detach the macrophages from the tubing. The tubing used for these experiments were polyethylene, Tygon∗ and
silicone. Slices of approximately 200µm thickness were prepared and fixed on a microscope slide with the outer
tubing surface facing upwards. To obtain a closed sample chamber, silicone spacer gaskets were manufactured.
Their thickness was matched to that of the tubing slice so that a chamber was created with a constant distance
of 50µm between tubing and cover slip for all samples. Adhesion to polystyrene was also tested by cutting a
microscope slide from a culture dish and forming a sample chamber as described above.
In order to be able to use curved slices of tubing and perfuse macrophages over it via gravity, the use of laser
tweezers in an inverted microscope was ruled out. Instead, an upright setup was used. The constant substrate-
coverslip spacing ensured that the same laser trap stiffness at the specified laser power was obtained for all
samples. To estimate the force that can be exerted on a macrophage with laser tweezers at different powers,
∗Tygon is a registered trade mark.
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viscous drag was applied by moving the microscope stage at increasing speed until the macrophage dropped out
of the trap. At lower applied forces, a signal sensitive to the displacement of the macrophage in the trap could
also be obtained, but that scheme was not further pursued as high forces govern cellular adhesion.
Approximately 100µl of macrophage suspension was added to the sample chamber, covered by a cover-slip
and immediately investigated under the microscope. Cell detachment was investigated over a 20 minute time
frame.
3.4. Macrophage - Microsphere Adhesion
To get more detailed information on adhesion forces involved, microspheres were trapped, adhered to macrophages
and the required detachment force measured. This way, contact time can be controlled and the smaller contact
area ensures that the adhesion is not too strong to be probed with laser tweezers. Furthermore, photodamage is
strongly reduced as the cell does not come into contact with the laser focus.
Polystyrene (Polysciences Inc., PA, USA), poly(methyl methacrylate) (PMMA) and silica microspheres
(Bangs Laboratories Inc., IN, USA) were obtained, with diameters of 2.09, 1.62 and 2.32µm respectively. The
spheres were washed and resuspended in DPBS. Bovine serum albumin (BSA), commonly used to prevent non-
specific adhesion, was adsorbed onto one set of microsphere samples. A 0.5% BSA in DPBS solution was prepared
and the spheres were incubated for 2 hours at 35◦ C.
For the experiments, a drop of suspended macrophages and a small amount of microsphere suspension were
placed on a microscope slide and sealed with a 50µm silicone spacer and cover slip. Using the laser tweezers setup
described in section 3.1, a microsphere was trapped, the position detection system calibrated and the trap stiffness
measured. The trapped sphere was adhered to a cell and retracted at a certain speed to apply a specified load
rate. Feedback from the position detection was incorporated to retract as soon as the sphere touches the cell and
gets displaced. Although this scheme does account for cell movement, macrophages can produce pseudopodiae
and start to spread which can cause deflection of the detection beam and therefore disturbance of the feedback
signal. In that case, manual correction for a moving cell was preferred over feedback. The macrophages all
strongly adhered to the glass slide, but stayed round and did not spread during the course of the experiments.
The adhesion probabilities and the required detachment forces were measured for a number of cells for each type
of microsphere.
4. EXPERIMENTAL RESULTS
4.1. Cell Detachment Experiments
Our aim was to identify differences in the adhesion of macrophages to various types of tubing immediately after
they come into contact. Approximately 30 s after the cell suspension was brought into contact with the tubing,
the cells were tested for adhesion by trying to detach them with the optical tweezers. Cells were classified as
either free floating, detachable or strongly adhered. The laser power of ca. 300mW at the focal spot yielded an
applied optical force of ≈40 pN, which was measured by applying a known drag force using the piezo stage until
the cell escaped the trap. Although absorption of laser light at a wavelength of 1064 nm is fairly low in cells, laser
powers that high can still cause considerable photodamage. We observed this effect by levitating a cell in the
laser trap and monitoring its physical changes. Structural changes were seen after 10 minutes of trapping. We
therefore assume that our detachment experiments on a hundredfold shorter timescale do not alter the physical
properties of the cell.
We investigated the following tubing: polyethylene (4 samples), silicone (3 samples) and Tygon (3 samples)
and a total of 345 cells. The adhesion histogram is displayed in figure 5. We do not see significant differences
in the number of strongly adherent cells, as defined by our threshold force of 40 pN. Ca. 90% of all cells adhere
strongly on all three substrates. Cells did not start to spread during the experiments and remained round up.
Spreading did not occur within the next 2 hours on all substrates.
Even though the adhesion seemed to be equally strong on all three substrates, the number of cells found in
comparable areas on three specimens were in the ratio 3:2:1 for polyethylene:silicone:tygon. To further investigate
this finding, equally sized slices of tubing were brought into a macrophage suspension. The cells were allowed to
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Figure 5. Normalized frequency of events of macrophage adhesion (cell line J774) to different types of tubing. These
tubings are used as moldings for the growth of an artificial artery. No significant differences in adhesion strength could
be observed. In contrast, the density of adherent cells varied considerably for different materials (see text).
settle and adhere for 40 minutes. After a short rinse in DPBS, the cell number per unit area was determined for
each slice. On polyethylene, 618 cells/mm2 were found whereas silicone showed a cell density of 202 cells/mm2
(total of 3600 cells counted).
The probability of cellular adhesion to silicone is much lower than to polyethylene. This is not reflected
in a decrease in adhesion force on scales accessible with optical tweezers. This could mean that the chance of
adhesion upon contact between cell and substrate is higher for polyethylene, but when adhesion occurs, it is
equally strong for the different materials. That reflects the importance of the first cell-substrate contact for
the subsequent adhesion, as any movement of the tubing in the abdominal cavity could remove cells which do
not become attached immediately, and a lower adhesion probability could thus prevent effective tissue capsule
formation.
4.2. Sphere - Cell Adhesion
In order to obtain more information on the processes involved in macrophage adhesion to foreign materials, we
investigated adhesion to three types of microspheres. As protein adsorption precedes cell adhesion, we chose
microspheres that are easily available and have different adsorption properties, which are polystyrene (PS),
silica (SI) and Poly(methyl methacrylate) (PMMA). A trapped sphere was touched to a cell and moved away
at a defined speed to apply a load rate of 450 pN/s. The observed events were classified in four categories: no
adhesion, adhesion, tether formation and capture, which means that the sphere can not be detached from the
cell. In the case of adhesion, the force required to break the bonding was evaluated from the sphere displacement
in the trap (Fig. 6) and was recorded for each experiment (Fig. 7).
For each material, 45 to 70 bond ruptures resulting from 70 to 140 experiments were evaluated. Rupture
forces ranged from 1 to 100 pN. For polystyrene, a Gaussian shaped peak is observed in the higher force part of
the distribution (around 37 pN), which broadens and shifts to higher forces when BSA is preadsorbed. The overall
mean rupture force is increased from 30.0 pN to 39.0 pN. For silica spheres, the mean rupture force decreases
from 29.5 to 24.1 pN upon incubation of the spheres in BSA. The rupture force distribution for PMMA displays
a local maximum at 53 pN and a mean rupture force of 36.5 pN.
We also observed silica microsphere adhesion to a detached plasma membrane. The plasma membrane was
obtained by exposing a macrophage for a prolonged period of time to the laser focus. The structural change
resulted in the formation of a membrane bubble which was completely free of cell organelles and no longer
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Figure 6. Position of 2.32µm silica sphere relative to the equilibrium position in the laser trap during an experiment
on a J774 macrophage. (a) The sphere is displaced upon contact with the plasma membrane of the cell. No adhesion
occurs. (b) Again, the sphere is displaced in the trap during the approach. This time, adhesion does occur, resulting in
a displacement in negative x. Force is applied to the adhesion site until the bond breaks and the sphere returns to its
equilibrium position. The speed of the cell movement away from the trapped particle is controlled by the piezo stage and
allows the application of the selected load rate.
attached to the cytoskeleton. Adhesion to this membrane alone was very weak with a mean rupture force of
3.4 pN. A possible cause for the observed adhesion could be electrostatic interaction. A contribution of this kind
of adhesion can also be observed in the force distributions from experiments on living macrophages.
The adhesion probabilities varied between the investigated materials: The adhesion probabilities for silica
and PMMA were comparable, less adhesion was observed to polystyrene. Incubation of polystyrene with BSA
increased the adhesion and tether formation, whereas BSA had an adhesion preventing effect on silica. Adhesion
rates were lowest for the plasma membrane.
During the experiments, the macrophages do not come into contact with the laser focal spot. It is therefore
believed that photodamage does not occur with this experimental scheme. One indication for the viability of
the macrophages is their active motion during the course of the experiments and also long thereafter.
5. DISCUSSION
Measuring the detachment of macrophages with optical tweezers did not reveal significant differences between
different types of tubing. The reason for the strong adhesion of most probed cells may lie in the fast formation of
adhesive bonds. When fully adhered, a fibroblast can form hundreds of focal adhesions, each attaching with 10 to
30 nN to the substrate, resulting in µN adhesion forces. Although we are dealing with macrophages in the early
stages of adhesion, the reduced adhesion forces are still above the 40 pN threshold of our optical tweezers system.
The different materials tested did not modulate the adhesion site density enough to produce a measurable effect.
Nevertheless, we could identify different adhesion probabilities. We found that densities of adherent macrophages
decrease on polyethylene, silicone and Tygon (in that order). These findings do agree well with our most recent
experiments on tissue capsule formation in a dog.12 For polyethylene, silicone and Tygon tubing, the success
rate of tissue capsule formation was 50, 25 and 0%, respectively, which strongly correlates to the macrophage
adhesion densities. This underlines the significance of the initial macrophage adhesion. The reason for the
different behavior of these materials can not be completely explained with their protein adsorption properties.
Better protein adsorption is expected to more hydrophobic surfaces and was found for fibronectin and vitronectin
(ECM proteins), which better adsorbed onto silicone (contact angle 110◦) than onto materials with lower contact
242     Proc. of SPIE Vol. 5514
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 11/18/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
0 50 100 150
0
0.1
0.2
0.3
0.4
polystyrene
0 50 100 150
0
0.1
0.2
0.3
0.4
polystyrene+BSA
0 50 100 150
0
0.1
0.2
0.3
0.4
silica
0 50 100 150
0
0.1
0.2
0.3
0.4
silica+BSA
0 50 100 150
0
0.1
0.2
0.3
0.4
force [pN]
pr
ob
ab
ilit
y
PMMA
0 50 100 150
0
0.1
0.2
0.3
0.4
force [pN]
Plasma Membrane
Figure 7. Normalized distribution of rupture forces measured for the adhesion of various microspheres to J774
macrophages for constant load rate. The use of different materials results in different rupture force distributions. Rupture
forces obtained from experiments on a detached plasma membrane are significantly lower than for living cells and possibly
result from electrostatic interactions. This contribution is also seen in the force distributions for living cells. It is not
possible to identify a predominant rupture force component as the adhesion is non specific.
angle (95◦ and 70◦).6 Thus, less adsorption would be expected to polyethylene (contact angle 87◦) and hence
less macrophage adhesion. The origin of this differing behavior will be investigated in future experiments using
a serum free cell suspension.
To obtain quantitative information on the adhesion strength, sphere-macrophage adhesion experiments with
a much reduced contact area were performed. The mean rupture forces had values of 24 to 39 pN (for different
materials) at a load rate of 450 pN/s. These forces are somewhat below the mean bond strength of the biotin
avidin complex of 52 pN16 and comparable to the value reported for L- and P-selectin binding to PSGL-1
of 33 pN, both at 450 pN/s load rate (selectins and PSGL-1 are involved in monocyte/macrophage binding
to endothelium).17 It is not possible to attribute the Gaussian shaped peaks in the force distribution to
certain interaction between ECM-molecules and cellular adhesion molecules since we are currently investigating
nonspecific adhesion. Even though the force distributions measured here may contain contributions from various
molecular interactions, the observed peaks are of similar shape as reported for the biotin-avidin bond (e.g.
FWHM≈80% of mean bond strength) and may be dominated by a specific ECM-molecule - CAM interaction.
The very low rupture forces in the distributions do most likely originate from interaction with the plasma
membrane, e.g. by electrostatic interaction, without the formation of more rigid CAM bonds. That was also
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Figure 8. Normalized frequencies of events for the adhesion of various microspheres to J774 macrophages. Adhesion to
silica and PMMA occurred significantly more often than to polystyrene (PS). Preadsorption of bovine serum albumin
(BSA) to PS increased the adhesion probability whereas for silica, the probability was decreased.
observed by measuring the adhesion to a detached membrane. Future experiments with ECM-molecule coated
microspheres will give a further insight into the individual contributions.
Macrophage adhesion to microspheres happens most likely by first adsorbing either serum or ECM proteins
onto the microsphere followed by binding of a CAM receptor of the macrophage to an adsorbed protein. De-
tachment seems to occur through unbinding of that complex, since desorption forces for proteins on polystyrene
(hydrophobic) are in the nN range and for silica (hydrophilic) in the range of 100 pN.18 Desorption forces
vary strongly with the available surface groups on the microspheres19 and slightly between different proteins.
The properties of the surface can also result in a change in the protein configuration upon adsorption, i.e. by
unfolding,20 which may lead to the observed shift in bond strength for different materials.
The measured higher adhesion rate to silica spheres compared to polystyrene does agree with our observation
that macrophages adhere more strongly and spread faster when placed on a glass slide compared to a polystyrene
slide. An increased adsorption of vitronectin and a decreased adsorption of BSA to silica compared to polymers
was observed and could contribute to this effect.6 BSA is in general believed to prevent cell adhesion, which
we observed in the adhesion experiments with BSA incubated silica spheres (Fig. 8). In contrast, preadsorption
of BSA to polystyrene spheres enhanced macrophage adhesion. The same effect was observed by Shen et al.4
with macrophages on BSA incubated polystyrene culture dishes and preadsorption of fibronectin increased the
macrophage adhesion rate even further.
6. SUMMARY AND OUTLOOK
To summarize, cell detachment experiments did not show differences in adhesion strength of macrophages to
polyethylene, silicon and Tygon on scales accessible with optical tweezers. The densities of adherent cells on
these tubings varied strongly and were correlated to the success rate of tissue capsule formation using the
same tubings as mold. Single bond rupture forces for non specific binding to macrophages were evaluated for
polystyrene, silica and PMMA microspheres and lay between 24 and 39 pN. The adhesion frequency was highest
for PMMA, which also induced the strongest binding forces without protein incubation. We plan to use specific
molecular interactions in future experiments to identify the contributions of the various ECM-molecules to the
rupture force distributions.
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